450, family 2, subfamily c, polypeptide 44 (Cyp2c44) epoxygenase metabolizes arachidonic acid (AA) to epoxyeicosatrienoic acids (EETs) in kidney and vascular tissues. In the present study, we used real-time quantitative PCR techniques to examine the effect of high salt or high K ϩ (HK) intake on the expression of Cyp2c44, a major Cyp2c epoxygenase in the mouse kidney. We detected Cyp2c44 in the proximal convoluted tubule, thick ascending limb, distal convoluted tubule (DCT)/connecting tubule (CNT), and collecting duct (CD). A highsalt diet increased the expression of Cyp2c44 in the thick ascending limb and DCT/CNT but not in the proximal convoluted tubule and CD. In contrast, an increase in dietary K ϩ intake augmented Cyp2c44 expression only in the DCT/CNT and CD. Neither high salt nor HK intake had a significant effect on the blood pressure (BP) of wild-type mice. However, HK but not high salt intake increased BP in CD-specific, Cyp2c44 conditional knockout (KO) mice. Amiloride, an epithelial Na ϩ channel (ENaC) inhibitor, normalized the BP of KO mice fed HK diets, suggesting that lack of Cyp2c44 in the CD enhances ENaC activity and increases Na ϩ absorption in KO mice fed HK diets. This notion was supported by metabolic cage experiments demonstrating that renal Na ϩ excretion was compromised in KO mice fed HK diets. Also, patch-clamp experiments demonstrated that 11,12-EET, a major Cyp2c44 product, but not AA inhibited ENaC activity in the cortical CD of KO mice. We conclude that Cyp2c44 in the CD is required for preventing the excessive Na ϩ absorption induced by HK intake by inhibition of ENaC and facilitating renal Na ϩ excretion. epoxyeicosatrienoic acid; epithelial Na ϩ channel; renal sodium excretion; hypertension; cytochrome P-450, family 2, subfamily c, polypeptide 44 THE MAIN cytochrome P-450 (Cyp)2c epoxygenase expressed in the renal tubule is Cyp2c polypeptide 44 (Cyp2c44), which converts arachidonic acid (AA) to epoxyeicosatrienoic acids (EETs) (3, 8, 21) . Previous studies have demonstrated that 11,12-EET accounts for Ͼ60% of total renal EETs (7) and that 11,12-EET inhibits the epithelial Na ϩ channel (ENaC) in the cortical collecting duct (CCD) (40). The role of Cyp2c44 in the regulation of renal Na ϩ transport through ENaC was demonstrated in studies with Cyp4A10 knockout (KO) mice. Although Cyp4A10 does not metabolize AA to EETs, disruption of the Cyp4A10 gene downregulated renal Cyp2c44 expression and EET biosynthesis (22). Hence, whereas in Cyp4a10 KO mice AA failed to inhibit ENaC, 11,12-EET did. Consequently, Cyp4a10 KO mice develop salt-sensitive hypertension, and amiloride normalizes the blood pressures (BPs) of Cyp4A10 KO mice fed high salt. A recent study (2) performed in global Cyp2c44
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Ϫ/Ϫ mice convincingly demonstrated that Cyp2c44 was required for the inhibition of ENaC by AA and that disruption of the Cyp2c44 gene caused salt-sensitive hypertension. Cyp2c44 is also responsible for mediating the high K ϩ (HK) intake-induced antihypertensive effect. We have previously demonstrated that lack of Cyp2c44 epoxygenase impaired the renal ability to excrete Na ϩ in response to HK intake. Thus, an increase in dietary K ϩ intake caused hypertension in global Cyp2c44 KO mice, an effect that was also abolished by amiloride (36) . Two lines of evidence suggested that Cyp2c44 expressed in the CCD may be responsible for enhancing renal Na ϩ excretion during increasing dietary K ϩ intake (36) . First, an increase in dietary K ϩ intake significantly augmented Cyp2c44 expression in the CCD. Second, HK intake increased EET generation in the CCD of wild-type (WT) but not Cyp2c44 Ϫ/Ϫ mice. Thus, the aim of the present study was to use collecting duct (CD)-specific Cyp2c44 conditional KO mice to test the hypothesis that during increased dietary K ϩ intake, Cyp2c44 plays a key role in stimulating renal Na ϩ excretion in the CCD by inhibition of ENaC.
METHODS
Generation of CD-specific Cyp2c44 KO mice. Figure 1 shows the scheme illustrating the vector construction targeting stratagem for the CD-specific Cyp2c44 conditional KO mouse. Briefly, CD-specific Cyp2c44 conditional KO mice (in C57Bl6 backgrounds) were generated by mating mice in which exon 9 of the Cyp2c44 gene was flanked by loxP sites [Cyp2c44 loxP(ϩ/ϩ) ] with isogenic mice expressing Cre recombinase under the control of the HoxB7 promoter (HoxB7-Cre mice; a gift from Dr. Roy Zent, Vanderbilt University) to generate HoxB7-Cre ϩ/ϩ , Cyp2c44 flxϩ/ϩ (CD-Cyp2c44-KO mice) in C57Bl backgrounds. In these mice, HoxB7 promoter-driven Cre recombinase in the CD has excised exon 9 of the Cyp2c44 gene (coding for the cysteine heme ligand), leading to nonfunctional transcripts. CDCyp2c44-KO mice were identified by PCR amplification of a 300-bp fragment using tail DNAs using the following Cre-and HoxB7-specific primers: 5=-GGTCACGTGGTCAGAAGAGG-3= (Cre forward primer) and 5=-CTCATCACTCGTTGCATCGA-3= (HoxB7 reverse primer). The use of HoxB7-Cre mice for CD-selective gene disruption has been previously documented (13, 43) . Isogenic Cyp2c44 loxP(ϩ/ϩ) mice were used as controls. Animal use protocols were approved by an independent animal user committee at the National Institute of Environmental Health Sciences, Vanderbilt University, and New York Medical College.
Dissection of the CCD and patch-clamp experiments. For the patch-clamp experiments, we used mice on a HK diet for 3 days to increase the density of ENaC. Mice were euthanized by cervical dislocation, and both kidneys were removed immediately. Several thin slices of the kidney (Ͻ1 mm) were cut and placed in ice-cold Ringer solution. The CCD was dissected under a microscope, and the isolated CCD was placed on a 5 ϫ 5-mm coverglass coated with polylysine. The coverglass was then transferred to a chamber (1,000 l) mounted on an inverted Nikon microscope. The CCD was cut open with a sharpened micropipette to expose the apical membrane and superfused with HEPES-buffered NaCl solution. A borosilicate glass (1.7-mm outer diameter) was used to make patch-clamp pipettes, which were pulled with a Narishege electrode puller. An Axon200B patch-clamp amplifier was used to record the channel current. Currents were low-pass filtered at 50 Hz and digitized by an Axon interface (Digidata 1322). Data were analyzed using pCLAMP software system 9 (Axon). Channel activity (NP o) was calculated from data samples of 60-s duration in the steady state as follows: NPo ϭ ⌺(t1 ϩ 2t2 ϩѧiti), where ti is the fractional open time spent at each of the observed current levels. The pipette solution for studying Na ϩ channels contained (in mM) 140 NaCl, 1.8 MgCl2, 1.8 CaCl2, and 5 HEPES (pH 7.4). The bath solution for single channel patch-clamp experiments contained (in mM) 135 NaCl, 5 KCl, 1.8 CaCl 2, 1.8 MgCl2, 2 glucose, and 10 HEPES (pH 7.4).
Real-time PCR to quantify Cyp2c44 expression. Proximal convoluted tubule (PCT), thick ascending limb (TAL), distal convoluted tubule (DCT)/connecting tubule (CNT), and CD segments, including the CCD and outer medullary collecting duct (OMCD), were isolated under a microscope from mice on a control diet (1% K ϩ ϩ 0.3% Na ϩ ), HK diet (5% K ϩ ), or high-Na ϩ diet (4% Na ϩ ) for 3 days. The HK diet (TD10866) and high-Na ϩ diet (TD 92034) were purchased from Harlan Laboratories (Madison, WI). Each nephron segment (3-4 tubules for 1 sample) was lysed in 10 l SideStep lysis and stabilization buffer (Stratagene), tapped gently, and mixed completely. To set up the RT reaction for cDNA synthesis, 1 l of lysate was mixed with 1 l of oligo(dT) primer (10 M), 2 l of 10ϫ RT reaction buffer, and 14 l of distilled H 2O and incubated at 65°C for 5 min. Samples were then cold down to room temperature to allow the primer anneal with RNA. We added 1 l of dNTP (10 mM each) and 1 l of AffinityScript RT enzyme to the above mixture (20-l total reaction volume). Samples were then incubated at 60°C for 30 min, and the amplification program was started and finalized by 5 min of incubation at 85°C to inactivate the RT enzyme. This generated cDNAs that were used for real-time PCR. Cyp2c44 primers (2.5 nM) (sense: 5=-TTCATCCTGGCCTGTGCTCC-3= and antisense: 5=-GGCACCA-CACGGAGTTCAC-3=) were mixed with 2 l of cDNA (200 ng) and 12.5 l of 2ϫ SYBR Green master. The sense primer and antisense primer bind to Cyp2c44 nucleotide position 279 (forward) and 457 (reverse), respectively. MxPro3000 (Stratagene) was used for the real-time PCR experiments, and we used the 2 Ϫ⌬⌬CT method (where CT is threshold cycle) to analyze the comparative expression level of Cyp2c44. GAPDH was used as a normalization control.
Measurements of BP. We measured BP using a carotid artery catheter or noninvasive tail-cuff methods (Kent Scientific, Torrington, CT) between 9 and 11 AM. For catheter insertion, mice were anesthetized with Nembutal (75 mg/kg body wt), and the carotid artery was separated from the vagus nerve and muscle. After cutting open the carotid artery, we inserted a polyethylene-10 catheter into the vessel. Catheters were connected to a remote pressure sensor. After animals became familiar with the environment, their BPs were measured with a Digi-Med Blood Pressure Analyzer (Micro-Med, Louisville, KY). The BP of each animal was monitored continuously for at least 40 min at an ambient temperature of 23°C, and Ͼ20 such measurements were performed to obtain the mean value. For the tail-cuff method, mice were trained for 1-2 wk before the start of experiments. Systolic BP measurements were recorded after 5 cycles of acclimatization, and 7-15 measurements was taken as the representative pressure for each mouse. Because we performed patchclamp and metabolic cage experiments in mice on a HK diet for 3 days, we measured the BP of mice just for 3 days.
Metabolic cage experiments. We followed a previously described protocol for metabolic cage experiments (1) . Two mice were kept in one cage, and we recorded their daily Na ϩ intakes, body weights, and urinary volume excretions at the same time of the day. After 3-4 days of training, mice were fed with normal K ϩ diet for 3 days and a HK diet for an additional 3 days. We measured urine Na ϩ concentrations, and these values were used to calculate the urinary Na ϩ excretion rate (UNa). Urinary Na ϩ and K ϩ concentrations were measured by Antech Diagnostics (Morrisville, NC), and daily urinary Na ϩ and K excretion ϩ were presented as equivalent micromolars (eqm) per 24 h. Materials and statistics. AA and 11,12-EET were purchased from Cayman Chemicals (Ann Arbor, MI). Both high-salt (4% NaCl) and HK (5% KCl) diets were purchased from Harlan Laboratories.
Data are presented as means Ϯ SE. We used either Student's t-test or one-way ANOVA to determine statistical significance. P values of Յ0.05 were considered significant.
RESULTS
We first used quantitative PCR techniques to examine the expression of Cyp2c44 along the nephron segments (3, 8) . The results are shown in Fig. 2 and demonstrate that Cyp2c44 was expressed in the PCT, TAL, DCT/CNT, and CD, including the CCD/OMCD. Since previous studies (22, 36) have indicated a role for Cyp2c44 in the inhibition of renal Na ϩ transport during increasing Na ϩ and K ϩ intake, we next investigated the effect of increasing Na ϩ or K ϩ intake on the relative expression of Cyp2c44 in the above nephron segments. As shown in Fig. 2 , high Na ϩ intake significantly increased Cyp2c44 expression in the TAL (95 Ϯ 20%) and DCT/CNT (295 Ϯ 100%, n ϭ 5) but not in the PCT and CCD/OMCD. On the other hand, HK intake increased Cyp2c44 expression in the DCT/CNT and CCD/OMCD by 395 Ϯ 100% and 196 Ϯ 50% (n ϭ 4), respectively, but not in the PCT and TAL segments. Thus, HK intake but not high Na intake stimulated Cyp2c44 expression in the CCD/OMCD. Moreover, in CD-specific Cyp2c44 conditional KO mice, high Na ϩ intake still increased Cyp2c44 expression in the TAL by 140 Ϯ 20% (n ϭ 4) and in the DCT/CNT by 350 Ϯ 100% (n ϭ 4), respectively (Fig. 3A) . Also, HK intake increased Cyp2c44 expression only in the DCT/CNT (340 Ϯ 100%, n ϭ 3; Fig. 3A ), whereas no Cyp2c44 expression was detected in the CD of KO mice under the presented experimental conditions (Fig. 3B) .
To determine the effect of Cyp2c44 expression in the CD on the BP of mice on high-Na ϩ or HK diets, we measured BPs in age-matched WT and CD-specific Cyp2c44 KO mice using the carotid artery catheter or noninvasive tail-cuff methods. Since the results were similar, we pooled the data. KO mice had normal body weights compared with WT mice (Table 1) , and the mean systolic BP of 3-day measurements was 126 Ϯ 5 mmHg (n ϭ 9 mice), which was not significantly different from control WT mice (123 Ϯ 5 mmHg, n ϭ 16 mice). Moreover, neither high Na ϩ intake (Fig. 4A ) nor HK intake ( Values are means Ϯ SE of body weight (in g). *Value is significantly high compared with any other groups (P Ͻ 0.05).
high-Na ϩ and HK diets were 127 Ϯ 5 and 125 Ϯ 4 mmHg, respectively (Fig. 4) . Whereas the mean systolic BP of CDspecific Cyp2c44 KO mice was not significantly different from that of WT mice under control conditions, an increase in dietary K ϩ intake significantly increased systolic BP of CDspecific Cyp2c44 KO mice, and the mice remained hypertensive for 3 days during increased K ϩ intake (HK day 1: 144 Ϯ 4 mmHg, HK day 2: 146 Ϯ 5 mmHg, and HK day 3: 148 Ϯ 5 mmHg, n ϭ 8 mice; Fig. 4B ). In contrast, an increase in dietary Na ϩ intake for 3 days did not significantly affect BP in KO mice (high Na ϩ day 1: 130 Ϯ 5 mmHg, high Na ϩ day 2: 122 Ϯ 3 mmHg, and high Na ϩ day 3: 125 Ϯ 5 mmHg, n ϭ 8 mice; Fig. 4A ). Also, neither heart rate nor diastolic BP was altered by dietary K ϩ or Na ϩ intake in both WT and KO mice (data not shown). Thus, HK intake but not a high Na ϩ intake increased systolic BP in CD-specific Cyp2c44 KO mice but not WT mice. This finding recapitulated previous experiments in which HK intake raised BP in global Cyp2c44 KO mice (36) .
Because HK-induced hypertension in global Cyp2c44 KO mice was the result of compromised renal ability to excrete Na ϩ (36), we suspected that CD-specific Cyp2c44 KO mice might also have diminished renal ability to excrete Na ϩ during increasing dietary K ϩ intake. To test this hypothesis, we carried out metabolic cage experiments with WT and KO mice, respectively. The results are shown in Fig. 5 and demonstrate that 24-h U Na of WT mice on control diets was similar to that of CD-specific Cyp2c44 KO mice. At day 3, Na ϩ intake and urinary Na ϩ excretion were 25.8 Ϯ 0.5 and 17.8 Ϯ 0.8 eqm/g body wt in WT mice on the control diet (Fig. 5 ), whereas they were 24.1 Ϯ 0.5 and 17.3 Ϯ 0.7 eqm/g body wt in KO mice. An increase in dietary K ϩ intake did not significantly affect the ratio between Na ϩ intake (HK day 1: 23 Ϯ 0.4 eqm/g body wt, HK day 2: 22.6 Ϯ 0.5 eqm/g body wt, and HK day 3: 23.5 Ϯ 0.5 eqm/g body wt) and U Na (HK day 1: 16.5 Ϯ 0.8 eqm/g body wt, HK day 2: 17 Ϯ 0.8 eqm/g body wt, and HK day 3: 17 Ϯ 0.8 eqm/g body wt) in WT mice (Fig. 5) . However, disruption of Cyp2c44 in the CD decreased Na ϩ excretion in CD-specific Cyp2c44 KO mice on a HK (5% K ϩ ) diet compared with those on a 1% K ϩ diet. As shown in Fig.  5 , U Na was reduced from 17.3 Ϯ 0.7 to 6.5 Ϯ 0.6 eqm/g body wt, whereas Na ϩ intake was similar in KO mice on the 5% K ϩ diet (day 1: 22.8 Ϯ 0.4 eqm/g body wt) compared with the 1% K ϩ diet (day 1: 24.1 Ϯ 0.5 eqm/g body wt). Also, the HK diet significantly increased the body weight of CD-specific Cyp2c44 KO mice from 26.6 Ϯ 0.3 to 27.8 Ϯ 0.4 g (HK day 2), whereas it had no significant effect on the body weight of WT mice (Table 1 ). This suggests that CD-specific Cyp2c44 KO mice may have renal Na ϩ retention and extracellular volume expansion.
The observation that the ability to excrete Na ϩ was compromised in CD-specific Cyp2c44 KO mice strongly suggested the possibility that disruption of Cyp2c44 may increase ENaC activity. Therefore, we used the patch-clamp technique to examine the effect of AA on apical ENaC activity in the split-open CCD of WT and KO mice (Fig. 6) . We confirmed the previous finding that AA inhibited ENaC in the CCD of WT mice on a HK diet and decreased NP o from 1.2 Ϯ 0.2 to 0.3 Ϯ 0.1 (n ϭ 6). In contrast, AA failed to inhibit ENaC in CD-specific Cyp2c44 KO mice on a HK diet (control: 2.6 Ϯ 0.4 and AA: 2.5 Ϯ 0.4, n ϭ 7). However, the addition of 100 nM 11,12-EET was still able to inhibit ENaC in the CCD of KO mice. Figure 7 shows a recording demonstrating the effect of 100 nM 11,12-EET on ENaC in a cell-attached patch of the CCD dissected from KO mice. As shown in Fig. 7 , the addition of 100 nM 11,12-EET decreased ENaC activity from 2.5 Ϯ 0.4 to 0.2 Ϯ 0.1 (n ϭ 7). These findings are similar to what was reported in global Cyp2c44 Ϫ/Ϫ mice in which HK intake . Line graph showing dietary Na ϩ intake and urinary Na ϩ excretion rate (UNa) for 24 h in WT and CD-specific Cyp2c44 KO mice on normal K ϩ (control) or HK diets. *Significant difference between WT and KO mice. Two mice were placed in a metabolic cage, and 24-h food intake and UNa were recorded. Mice were kept on an normal K ϩ diet for 3 days before being switched to the HK diet for an additional 3 days. n ϭ 8 mice.
increased ENaC activity in the CCD compared with WT mice (36) . This indicates that Cyp2c44-dependent metabolites suppressed the effect of aldosterone on ENaC in an aldosteronesensitive distal nephron (ASDN) such as the CCD. This view was also supported by the previous finding that low Na ϩ intake for 3 days increased ENaC activity higher in the CCD of Cyp4a10 Ϫ/Ϫ mice compared with WT mice (22) . Thus, our results indicate that Cyp2c44 was responsible for mediating the inhibitory effect of AA on ENaC and that lack of functional Cyp2c44 epoxygenase increased ENaC activity in the CCD. The possibility that the upregulated ENaC activity was responsible for the HK-induced hypertension in CD-specific Cyp2c44 KO mice was also suggested by experiments in which the effect of HK intake on the BP of KO mice treated with amiloride was examined. The results are shown in Fig. 8 and demonstrate that the addition of amiloride in the drinking water of CD-specific Cyp2c44 KO mice abolished HK intake-induced hypertension and reduced systolic BP from 146 Ϯ 5 to 117 Ϯ 3 mmHg, whereas amiloride had no effect on BP in WT mice (n ϭ 5 mice). ( CD-specific KO) Fig. 7 . Representative channel traces demonstrating channel activity in the CCD of CDspecific Cyp2c44 KO mice on a HK diet in the absence of 100 nM 11,12-EET (top trace) and in the presence of 100 nM 11,12-EET (bottom three traces). The gap between the top and bottom three traces is 5 min. Experiments were performed in cell-attached patches, and the holding potential was Ϫ60 mV. n ϭ 6 patches from 4 mice. Fig. 8 . Effect of amiloride application on systolic BP of CD-specific Cyp2c44 KO mice on 1% K ϩ or 5% K ϩ diets. n ϭ 5 mice. Amiloride (0.5 mg/100 g body wt) was administered through drinking water. BP was measured with the tail-cuff method.
DISCUSSION
A large body of evidence has suggested that Cyp2c epoxygenase-dependent AA metabolism plays a role in the regulation of renal Na ϩ transport, in the prevention of salt-sensitive hypertension, and in the modulation of vascular tissue activity (6, 7, 22, 40, 44) . It has been reported that high Na ϩ intake stimulated the renal expression of Cyp2c44 in mice or CYP2C23 in rats (the homolog of mouse Cyp2c44) and increased urinary excretion of EET, an indication of enhanced Cyp epoxygenase activity (22, 35, 37) . Moreover, inhibition of Cyp epoxygenase caused salt-sensitive hypertension in rats (7, 17) . Thus, these results strongly indicated that Cyp epoxygenase-dependent AA metabolites were involved in the inhibition of renal Na ϩ transport during increasing Na ϩ intake. Cyp epoxygenases convert AA to EET, such as 5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET (3, 28, 42) . We and others (26, 36, 37, 40) have demonstrated that 11,12-EET inhibits ENaC. ENaC plays a key role in mediating Na ϩ absorption in the ASDN by providing a Na ϩ entry pathway across the apical membrane (5, 16, 24, 25, 27) , and it is the rate-limiting step of transepithelial Na ϩ transport in the ASDN (14) . An increase in either ENaC number or channel open probability augments the apical Na ϩ conductance and leads to increases in Na ϩ absorption. For instance, Liddle's syndrome, an inherited form of hypertension, is the result of increasing apical ENaC expression in the ASDN (32, 33) .
In addition to high Na ϩ intake, a previous study (36) has demonstrated that an increase in dietary K ϩ intake augments the expression of Cyp2c44 or its rat homolog. An increase in dietary K ϩ intake has been shown to prevent high salt intakeinduced hypertension in both human and rats (15, 19, 20) . The guidelines published in the Dietary Approaches to Stop Hypertension recommend all healthy adults to double their daily K ϩ intake to prevent salt-sensitive hypertension; however, the underlying mechanisms by which HK intake decreases BP are not completely understood. Factors such as kallikrein (9) and prostaglandins (23) have been suggested to play a role in decreasing BP and increasing renal Na ϩ excretion. Because increased dietary K ϩ intake suppresses the renin and angiotensin II pathway (30, 31) , it is also possible that inhibition of the renin-angiotensin system is responsible for the HK-induced stimulation of renal Na ϩ excretion. HK intake significantly decreases the generation of superoxide anions by inhibition of NADPH oxidase activity in cardiovascular tissues (12, 18) . Also, dietary K ϩ intake has been shown to alter NADPH oxidase activity and superoxide production in the kidney (1). Excessive generation of superoxide anions might be partially responsible for salt-induced hypertension by increasing Na ϩ absorption (10, 11, 38, 41) .
The role of Cyp2c44 in mediating the effect of HK intake on renal Na ϩ excretion has been suggested by our previous experiments in which global disruption of the Cyp2c44 gene increased ENaC activity and decreased renal Na ϩ excretion (36) . However, since ENaC is expressed in the late DCT, CNT, CCD, and OMCD (29), it is not clear whether the DCT/CNT or CCD/OMCD is the main target for suppression of Na ϩ absorption during increasing dietary K ϩ intake. The finding that lack of functional Cyp2c44 epoxygenase in the CCD/OMCD impairs renal Na ϩ excretion and causes hypertension during increased dietary K ϩ intake strongly indicates a role of Cyp2c44 in the CCD/OMCD in the regulation of ENaC activity and renal Na ϩ excretion during HK intake. This conclusion is supported by the following three lines of evidence: 1) feeding CD-specific Cyp2c44 KO mice with a HK diet recapitulated the hypertension phenotype observed in global Cyp2c44 KO mice, 2) HK intake stimulated the expression of Cyp2c44 in the DCT/CNT and CD, and 3) administration of amiloride normalized BPs in CD-specific Cyp2c44 KO mice. Thus, inhibition of Na ϩ absorption in the CD by Cyp2c44 epoxygenase-dependent metabolites is critically involved in mediating the HK-induced antihypertension effect.
The second important finding of the present study is that high salt intake for 3 days failed to cause hypertension in CD-specific Cyp2c44 conditional KO mice. Because high salt caused hypertension in global Cyp2c44 KO mice (2, 22) , this suggests the possibility that Cyp2c44 activity in the CD might not be responsible for inhibition of Na ϩ transport during increasing Na ϩ intake. The fact that administration of amiloride restored normal BP in global Cyp2c44 KO mice indicates that the salt-sensitive hypertension in these mice was due to hyperactive ENaC in the late DCT and CNT rather than the CD (2, 22 ). This conclusion is also supported by the finding that high Na ϩ intake significantly increased Cyp2c44 expression in the TAL and DCT/CNT but not in the CD. The observation that Cyp2c44 expression in the TAL and DCT/ CNT was upregulated by high Na ϩ intake suggests that Cyp2c44 in the TAL and DCT/CNT rather than in the CD may play a role in the inhibition of Na ϩ absorption during increasing dietary Na ϩ intake. High Na ϩ intake is expected to suppress aldosterone secretion and ENaC activity in the CD. Accordingly, the role of Cyp2c44-dependent AA metabolites in the inhibition of Na ϩ absorption in the CD is expected to be minimal in CD-specific Cyp2c44 KO mice. In contrast, a HK diet would increase aldosterone and ENaC expression in the CD (4, 39). Moreover, HK intake has been shown to decrease Na ϩ -Cl Ϫ cotransporter (NCC) activity by the dephosphorylation of NCC and to reduce NCC expression in the DCT (4, 34) . A decrease in NCC activity is expected to increase Na ϩ delivery to the CCD, thereby stimulating Na ϩ absorption through ENaC. Because HK intake also stimulates the expression of Cyp2c44 homologs in the CD, high expression of Cyp2c44 in the CD would prevent excessive Na ϩ absorption in the CD. Thus, a disruption of Cyp2c44 in the CD would enhance Na ϩ absorption in the CD, thereby increasing BP in mice on a HK diet. However, we need further experiments to examine the role of Cyp2c44 in the suppression of Na ϩ transport in the CCD of mice on long-term high salt intake. In addition, it is possible that EETs generated in the CD could also influence the membrane transport in a neighboring tubule, such as the medullary thick ascending limb, through a paracrine pathway. Thus, the disruption of Cyp2c44 in the CD not only increases ENaC activity in the CD but also enhances Na ϩ transport in neighboring tubules.
During balanced Na ϩ intake and excretion, Cyp2c epoxygenases contribute to the maintenance of Na ϩ homeostasis, at least partially, by regulating ENaC activity along the ASDN. Increased dietary Na ϩ or K ϩ intake facilitates Na ϩ excretion by inducing Cyp2c44 epoxygenase and EET biosynthesis in the early ASDN (DCT/CNT) or late ASDN (CCD/OMCD), respectively. These Cyp2c44-mediated increases in EET biosynthesis inhibit ENaC in the corresponding nephron seg-ments, leading to increased Na ϩ excretion and stable systemic BPs. Impairments in Cyp2c44 expression along the ASDN increase ENaC activity, reduce urinary Na ϩ excretion, and result in Na ϩ retention and dietary Na ϩ -or K ϩ -sensitive hypertension. We conclude that Cyp2c44 in the CD plays a key role in stimulating renal Na ϩ excretion during increasing dietary K ϩ intake and that Cyp epoxygenase is required for adequate Na ϩ excretion in the CD and the antihypertensive effect induced by HK intake.
